Electronic structure and magnetism of the diluted magnetic semiconductor 

Fe-doped ZnO nano-particles 
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We have studied the electronic structure of Zno.gFeo.iO nano-particles, which have been reported 
to show ferromagnetism at room temperature, by x-ray photoemission spectroscopy (XPS), reso- 
nant photoemission spectroscopy (RPES), x-ray absorption spectroscopy (XAS) and x-ray magnetic 
circular dichroism (XMCD). From the experimental and cluster-model calculation results, we find 
that Fe atoms are predominantly in the Fe^+ ionic state with mixture of a small amount of Fe^+ and 
that Fe'^^ ions are dominant in the surface region of the nano-particles. It is shown that the room 
temperature ferromagnetism in the Zno.gFeo.iO nano-particles is primarily originated from the anti- 
ferromagnetic coupling between unequal amounts of Fe"^""" ions occupying two sets of nonequivalent 
positions in the region of the XMCD probing depth of ~ 2-3 nm. 

PACS numbers: 74.25.Jb, 71.18.-fy, 74.72. Dn, 79.60.-i 



I. INTRODUCTION 



There is growing interest in diluted magnetic semi- 
conductors (DMSs), where magnetic ions are doped into 
the semiconductor hosts, due to the possibility of uti- 
lizing both charge and spin degrees of freedom in the 
same materials, allowing us to design a new generation 
spin electronic devices with enhanced functionalitiesii^. 
Theoretical studies on the basis of Zener's p-d ex- 
change model have shown that wide-gap semiconduc- 
tors such as ZnO doped with transition metal are 
promising candidates for room temperature ferromag- 
netic DMSe'^. First-principle calculations by Sato and 
Katayama-Yoshidai^ have also predicted that ZnO-based 
DMSs exhibit ferromagnetism using LSDA calculation. 
Subsequently a number of experiments on ZnO-based 
DMSs in bulk, thin film and nano-particle forms re- 
vealed ferromagnetic propertiea^iii^i^ii^, and among 
them ZnO-based DMSs nano-particles have attracted 
much attentioniiii^. Current interest in such magnetic 
nano-particle systems is motivated by unique phenom- 
ena such as superparamagnetisroi^, quantum tunneling 
of magnetizationii and particularly magnetism induced 
by surface effectsi^. In the nano-particle form, the struc- 
tural and electronic properties are modified at the surface 
as a result of the broken translational symmetry of the 



lattice or dangling bond formation, giving rise to weak- 
ened exchange coupling, site-specific surface anisotropy, 
and surface spin disorde r^^i^^ . That is, the modification 
of the electronic structure at the surface of the nano- 
particles plays a crucial role in the magnetism of this 
system. 

Recently, Karmakar et al^ have reported room tem- 
perature ferromagnetism in Fe-doped ZnO nano-particles 
in the proposed core/shell structure, where Fe^"*" ions are 
situated mostly in the core and Fe"^"*" ions in the surface 
region. However, LSDA-I-U calculation^^ has indicated 
the insulating antiferromagnetic state to be more stable 
than the ferromagnetic state for Fe-doped ZnO system. 
In view of the presence of Fe^+ ions as indicated by local 
magnetic probes such as electron paramagnetic resonance 
(EPR) and Mossbauer measurements, Karmakar et alJ^ 
have proposed that the presence of surface Zn vacancies 
that dope hole into the system will be more effective to 
stabilize the ferromagnetism in this system. However, the 
correlation between magnetic properties and electronic 
structure of the Fe-doped ZnO nano-particle semicon- 
ductors has not been clarified yet. Thus, investigation 
of the electronic structure of the Fe-doped ZnO nano- 
particles is critical to achieve better understanding of this 
type of nano-materials and to perform new material de- 
sign. In this paper, we have investigated the electronic 
structure of Zno.gFeo.iO nano-particles using x-ray pho- 
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toemission spectroscopy (XPS), vacuum ultraviolet and 
soft-x-ray resonant photoemission spectroscopy (RPES), 
x-ray absorption spectroscopy (XAS) and x-ray magnetic 
circular dichroism (XMCD). RPES is a convenient tool 
to obtain the Fe 3d partial density of states (PDOS) in 
the valence-band spectrai^S. By performing RPES in the 
Fe Sp-3d core-excitation region, we have studied the elec- 
tronic states in the surface region with a probing depth 
of ^ 0.5 nm2i of the nano-particles utilizing the surface 
sensitivity of the technique. On the other hand, RPES 
in the Fe 2p-Sd core-excitation region is more bulk sensi- 
tive with a probing depth of ~ 1.5-2.0 nni2i and enables 
us to study the electronic structure in both the core and 
surface regions of the nano-particles. XAS and XMCD, 
whose probing depth are 2-3 nm, enable us to study the 
element specific electronic structure of the Zno.gFeo.iO 
nano-particles. In particular, XMCD is a powerful tool 
to study element-specific local magnetic states. Based on 
our experimental results, we shall discuss the origins of 
the ferromagnetic properties and magnetic interactions 
in the Zno.gFeo.iO nano-particles. 



II. EXPERIMENT 



Zno.gFeo.iO nano-particles were prepared by the chem- 
ical pyrophoric reaction technique. Structural charac- 
terization was carried out using x-ray diffraction and 
transmission electron microscopy (TEM), demonstrating 
a clear nano-crystal phase. As observed by TEM, the 
average particle size was around 7 nm with the particle 
size distribution of 3.0-30.0 nm. Magnetization measure- 
ments on the same samples revealed a ferromagnetic-to- 
paramagnetic transition temperature > 450 K. Details 
of the sample preparation were described in Ref. [18]. 
We measured a pressed pellet sample, which after grind- 
ing had been calcined at 350. The ferromagnetic moment 
per Fe as deduced from the SQUID magnetization data 
was ~ 0.05 at room temperature^*. XAS and XMCD 
measurements were performed at the Dragon Beamline 
BLllA of National Synchrotron Radiation Research Cen- 
ter (NSRRC) in the total-electron-yield (TEY) mode. 
The monochromator resolution was E/AE > 10000 and 
the circular polarization of x-rays was ^ 55 %. XPS 
measurements using the photon energy of hi' — 1253.6 eV 
were performed at BL23-SU of SPring-8. RPES measure- 
ments in the Fe 2p-Sd and 3p-3d core-excitation regions 
were performed at BL23-SU of SPring-8 and at BL-18A 
of Photon Factory (PF), respectively. For the photoe- 
mission measurements, all binding energies {Eb) were 
referenced to the Fermi level {Ep) of the sample holder 
which was in electrical contact with the sample. The 
total energy resolutions of the XPS and RPES measure- 
ments were ~ 400 meV and ~ 170 meV, respectively. All 
the experiments were performed at room temperature. 



Fe2p XPS /7v=1253.6eV 
Ziij^Fei, |0 nano-particles 




725 715 
Binding Energy (eV) 



705 



FIG. 1: (Color online) Fe 2p core-level XPS spectrum of the 
Zno.9Feo.1O nano-particles compared with the XPS spectra of 
a-FeaOg^, FeO^? and FegO*^^. 
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FIG. 2: (Color online) Valence-band photoemission spectra 
of the Zno.9Feo.1O nano-particles. (a) A series of photoemis- 
sion spectra taken with photon energies in the Fe 3p-3d core- 
excitation region. Difference curves at the bottom represent 
the Fe 3d PDOS. (b) Fe 3p-3d XAS spectrum, (c) Magnified 
view near the valence-band maximum. 



III. RESULTS AND DISCUSSION 

Figure [T] shows the Fe 2p core-level XPS spectrum 
of the ZnogFeoiO nano-particles in comparison with 
those of a-FeaOg {Fe^+)^, FeO {Fe'^+)^ and Fe304 
(Pg3-i-_pg2-i- mixed- valence)^. The Fe 2^3/2 peak of the 
Zno.gFeo.iO nano-particles is split into two peaks at Eb 
^ 710 eV and ^ 708 eV, corresponding to the energy 
positions of a-Fe203 and FeO. The XPS spectrum of 
the Zno.gFeo.iO nano-particles therefore reflects an Fe'^+- 
Fe^+ mixed-valent state of the Fe ions in agreement with 
the previous Mossbauer reportji^. In a Fe-doped ZnO 
system, the valence state of Fe is expected to be +2 
if Fe simply substitutes for Zn. The presence of Fe'^+ 
ions in this sample has been suggested due to surface Zn 
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FIG. 3: (Color online) Fe 2p-M XAS and XMCD spectra of 
the Zno.gFeo.iO nano-particles compared with those of other 
Fe oxides, (a) Fe 2p-3d XAS spectra in magnetic fields of ±1 
T. XAS and cr"), XMCD and its integral. The XMCD 
spectrum of Fe metal is shown for comparisons^, (b) XMCD 
spectrum of the Zno.9Feo.1O nanoparticles compared with the 
XMCD spectra of 7-Fe203^ and FegO^^. 



vacancies^ or excess oxygens of the nano-particles. 

In order to study the electronic states in the surface 
region of the nano-particles, we performed RPES mea- 
surements in the Fe 3p-3(i core-excitation region. RPES 
in id transition metals and their compounds are caused 
by interference between direct photoemission from the 3c? 
level and Auger-electron emission following the ip (2p)- 
3d core-excitation^-. Therefore, the difference between 
valence-band spectra measured on- and off-resonance is 
used to extract the resonantly enhanced Fe 3d contribu- 
tions to the valence-band region. Figure [DJa) shows the 
valence-band photoemission spectra of the Zng.gFeo.iO 
nano-particles taken with various photon energies in the 
Fe 3p-3cJ core-excitation region marked on the Fe 3p-3d 
XAS spectrum [Fig. [D^b)]. Figure[2)^c) shows a magnified 
view near the valence-band maximum. In Fig. [2lb), one 
can see that a peak appears at 58 eV, representing the Fe 
3p-3(i absorption. The same peak is found at 58 eV for 
Q;-Fe2 03 (Fe'^+)^. For FeO (Fe^+), on- and off-resonance 
energies are reported to be 57 and 53 eV, respectively^^. 
From this comparison, we conclude that 3p-3d absorp- 
tion is mainly due to Fe^+ ions. In Fig. [HJc), one can 
see that in going from the off-resonance spectrum (hv = 
53 eV) to 58 eV, the tale at Eb ^ 3-4 eV grows in in- 
tensity. By subtracting the off-resonance spectrum from 
the on-resonant ones of Fe^"*" {hv = 58 eV) and Fe^+ {hv 
— 57 eV) , respectively, we have extracted the Fe 3c? par- 
tial density of states (PDOS) of Fe'^+ and Fe^+ as shown 
in the bottom panel of Fig. ^a.). The Fe^+ 3d PDOS 
reveals a feature at Eb ^ 3-4 eV. On the other hand, 
the Fe^+ 3c? PDOS reveals no clear feature. We therefore 
conclude that the Fe'^"'" ions are dominant in the surface 
region of the Zno.gFeo.iO nano-particles probed by Fe 3p- 
3d RPES. This, together with the bulk-sensitive Fe 2p-3d 
RPES result described below, may support the core/shell 
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FIG. 4: (Color online) Valence-band photoemission spectra of 
the Zno.9Feo.1O nano-particles. (a) A series of photoemission 
spectra for photon energies in the Fe 2p-3d core-excitation 
region, (b) Fe 2p-3d XAS spectrum, (c) Magnified view near 
the valence-band maximum. 



model of the Zno.gFeo.iO nano-particles proposed in the 
previous report 

Figure [3i;a) shows the Fe 2p-3d XAS and XMCD spec- 
tra of the Zno.gFeo.iO nano-particles for opposite mag- 
netization directions recorded using circular polarized x- 
rays, their difference spectrum, i.e., XMCD spectrum, 
and its integration. Here, the XAS spectra obtained in 
the magnetic field of -1-1.0 T and -1.0 T are denoted by 
and cr~, respectively. The bottom panel shows the 
XMCD spectrum of Fe metal^^. In the XMCD spectrum 
of the nano-particles, three sharp peaks around hv = 
708.5, 709.7 and 710.5 eV, denoted by A, B and C, re- 
spectively, are observed. The XMCD spectral line shape 
of the Zno.gFeo.iO nano-particles is different from that of 
Fe metal, indicating that the magnetism in this sample 
is not due to segregation of metallic Fc clusters but due 
to the ionic Fe atoms with localized 3c? electrons. 

Figure g^b) shows the Fe 2p-3c? XMCD spectrum of 
the Zno.gFeo.iO nano-particles in comparison with those 
of 7-Fe203 nano-particles, where Fe'^+ ions are both at 
the tetrahedral (Td) and octahedral (Oh) sites^^, and 
Fe304, where Fe'^+ ions at the Td and Oh sites and Fe^+ 
ions at the Oh sites coexislj^. The XMCD spectrum 
of the Fe304, which displays the overlapping contribu- 
tions from the Fe'^"'" and Fe^"*" ions, is different from that 
of the Zno.gFcg.iO nano-particles. On the other hand, 
the spectral line shape of the 7-Fe203 nano-particles, 
where XMCD signals are due to Fe"^"'', is similar to that 
of the Zno.gFeo.iO nano-particles. This indicates that 
the magnetism of the Zno.gFcg.iO nano-particles is origi- 
nated mainly from Fe'^+ ions and contribution from Fe^"*" 
ions appears to be small. By comparison with the Fe 2p- 
3d XMCD spectral shape of the 7-Fe203 nano-particles, 
peaks B and C for the Zno.gFeo.iO nano-particles are as- 
signed to Fe"^+ ions at the Td and Oh sites, respectively. 
Although it is likely that peak A arises mainly from Fe'^+ 
{Oh) ions, the present Fe 2p-3c? RPES result, which is de- 
scribed below, suggests that peak A may be attributed 
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FIG. 5: (Color online) Differences between the on-resonance 
spectra taken with photon energies marked by A, B and C in 
Fig. |4jb) and off-resonance one corresponding to the partial 
density of states of the Fe ion in each valence state and crys- 
tallographic sites. Open circles represent experimental data 
and thin solid curves indicate calculated spectra. 



not only to Fe"^^ (Oh) but also to a small amount of Fe^+ 
(Td) ions. 

Figure HJ^a) shows the valence-band photoemission 
spectra of the Zng.gFeo.iO nano-particles taken with var- 
ious photon energies in the Fe 2p-3d core-excitation re- 
gion. The Fe 2p-3d XAS spectrum in the same energy 
region is shown in Fig. [4{b). The photoemission spectra 
were taken using photon energies denoted by A, B and C 
in Fig. [3] and Fig. |D^b) and at off-resonance {hv = 706.0 
eV). For all the spectra, no photoemission intensity was 
observed at Ep, indicating the localized nature of the 
carriers. The off-resonant spectrum of the Zno.gFco.iO 
nano-particles is similar to that of ZnO showing a sharp 
peak at about Eb ~ 11.0 eV due to the Zn 3d states as 
well as a broad feature at Eb ^ 4.0-9.0 eV due to the O 
2p band^^. If the photon energy is tuned to peak A {hv 
— 708.5 eV), one can see a feature at Eb ^ 2.0 eV in 
the on-resonant spectrum [Fig. IHc)], indicating that the 
intensity of photoelectrons arising from Fe^^ ions (the 
minority-spin state of Fe^+ ions'^'^) is enhanced. For the 
spectra excited by photons with energies corresponding 
to peaks B {hi' = 709.7 eV) and C {hv = 710.5 eV), 
one can see a broad structure around Eb ^ 3.0-9.0 eV 
[Fig. mja) and (c)]. The spectral line shapes excited by 
photons corresponding to B and C are similar to each 
other, indicating that on-resonant spectral line shape 
strongly depends on the valency of Fe ions rather than 
coordination as anticipated. To clarify the electronic 
structure associated with the Fe 3d ion in each valence 
state and crystallographic site in the Zno.gFco.iO nano- 
particles, we have performed configuration-interaction 
cluster-model calculations to deduce the Fe 3d PDOS of 
each componen t'^^'^^ . 

Figure \5\ shows the Fe 3c? PDOS (open circles) of 



TABLE I: Electronic structure parameters for the Zno.9Feo.1O 
nano-particles used in the cluster-model calculations in units 
of eV. The charge-transfer energy A, the on-site 3d-3d 
Coulomb energy Udd, and the 3d-2p Coulomb energy Udc on 
the Fe ion, the hybridization strength between Fe 3d and O 
2p pda, and the crystal field lODq. 
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the Zno.9Feo.1O nano-particles, which has been obtained 
by subtracting the off-resonance spectrum from the on- 
resonance ones of Fe3+ [Oh), Fe3+ {Td) and ¥0^+ {Td), 
respectively. Calculated spectra (solid curves) are also 
shown in the same figure. Electronic structure param- 
eters used in the calculations are listed in Table HI For 
the Fe^+ {Td and Oh sites) ions in the Fe-doped ZnO 
nano-particles, the values of the on-site 3d-3d Coulomb 
energy U dd and the 3d-2p Coulomb energy Udc on the Fe 
ion have been taken from the literature on the photoe- 
mission study of Fes 04^--, where Fe^+ ions at the Td and 
Oh sites and Fe^+ ions at the Oh sites coexist. In addi- 
tion to this, based on the RPES results, we have chosen 
reasonable values for the charge-transfer energy A of the 
Fe'^"'" {Td and Oh sites) ions. The electronic structure 
parameters {Udd, Udc and A) of the Fe^"*" {Td) ions were 
appropriately chosen to reproduce the RPES result since 
there is no information in the literature about the elec- 
tronic structure parameters of the Fe^+ {Td) ions. The A 
value of the Fe^+ {Td) ions thus employed is large com- 
pared to those of the Fe'^+ {Td) ions, consistent with the 
systematic decrease in the A value as the ionic charge 
increases^^. The calculated spectra have been broad- 
ened with a Gaussian having a full width at half maxi- 
mum (FWHM) of 0.6 eV and with a Lorentzian having 
a FWHM of 0.2 eV. The spectral line shapes of the cal- 
culated results agree with those of experimental results, 
confirming the presence of the Fe'^+ {Oh), Fe^~^ {Td) and 
Fe2+ {Td) ions. 

Figure EJa) and (b) shows the Fe 2p-3d XAS and 
XMCD spectra of the Zno.9Feo.1O nano-particles com- 
pared with the calculated spectra of the Fe^+ {Oh), Fe'^+ 
{Td) and Fe^+ {Td) ions. The calculations have been 
made using parameters listed in Table HI One observes 
shifts of the peaks in the XAS and XMCD spectra for 
the three kinds of the Fe ions, Fe^+ {Td), Fe^+ {Oh) and 
Fe^"*" {Td) ions. The center of gravity of each spectrum is 
affected by Madelung energy, Udd and Udc at the Fe site, 
whereas the peak position may be shifted by crystal-field 
splittingSS. Therefore, both the coordination and the va- 
lence state of the Fe ion affect the XAS and XMCD peak 
positions. Thus one can clearly distinguish between the 
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FIG. 6: (Color online) Fe 2p-3d XAS (a) and XMCD (b) 
spectra of the Zno.9Feo.1O nano-particles compared with the 
calculated one using the cluster-model. Calculated spectra of 
the Fe^+ (Oh), Fe^+ (Td) and Fe^+ (Td) ions at the bottom of 
each panel have been added to be compared with experiment. 
Parameters used in the calculations (Table were obtained 
from the analysis of the Fe 2p-3d RPES spectra. 



valence and crystal- field of Fc ion [Fe^+ (T^), Fe^+ (Oh) 
and Fe^+ (Td)]- In Fig. [S)Ja), the weighted sum of the 
calculated Fe^+ {Oh- 65 %), Fe3+ (T^: - 15 %) and 
Fe2+ {Td- ~ 20 %) XAS spectra shown at the bottom of 
panel (a) approximately reproduces the measured XAS 
spectrum. These ratios indicate that Fe ions are predom- 
inantly in the Fe'^"'" state with mixture of a small amount 
of Fe^+. In Fig. [6fb), the weighted sum of the calculated 
Fe3+ {Oh: ~ 65 %), Y&^+ {Td: - 25 %) and Fe2+ {Td: 
~ 10 %) XMCD spectra shown at the bottom of panel 
(b) approximately reproduces the measured XMCD spec- 
trum. 

Figure [Zl^a) shows the Fe 2p-3d XMCD spectra of the 
Zno.9Feo.1O nano-particles measured at various magnetic 
fields. One can observe the XMCD intensity down to H 
^ 0.1 T as shown in Fig. Elja) and (b), indicating that 
the ferromagnetism in this sample is originated from the 
ionic Fe atoms. The difference between the XMCD spec- 
tra at iJ = 1.0 and 0.5 T reflects the paramagnetic com- 
ponents as shown in Fig. [DJc). From the line shape of 
the paramagnetic components analysed with the cluster- 
model calculation, we conclude that the paramagnetism 
in the Zno.9Feo.1O nano-particles is originated from the 
Fe3+ ions {Oh: 75 % and T^: - 25 %) and contribu- 
tions from the Fe^+ ions are negligible, consistent with 
the proposal by Karmakar et ati^. The ferromagnetic 
components obtained by subtracting the paramagnetic 
components from the XMCD spectrum at H — 0.5 T is 
shown in Fig. [Tl^d). From the line-shape analysis, we con- 
clude that the ferromagnetic components are originated 
from both predominant Fe^+ and a small amount of Fe^+ 
ions, where the composition ratios of the Fe^^ {Oh), Fe^^ 
{Td) and Fe2+ {Td) are about ~ 60 %, - 25 % and ~ 15 
%, respectively. In Fig. Eljd), peaks due to the Fe^+ ions 
at the Td and Oh sites occur in the opposite directions. 
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FIG. 7: (Color online) Fe 2p-3d XMCD spectra of the 
Zno.9Feo.1O nano-particles. (a) Fe 2p-3d XMCD spectra of 
the Zno.9Feo.1O nano-particles measured at various magnetic 
fields, (b) Intensity of Fe 2p-3d XMCD (at hv = 710.5 eV) as 
a function of magnetic field. Paramagnetic (c) and ferromag- 
netic (d) components obtaind from the XMCD spectra at 1.0 
and 0.5 T. Open circles represent experimental data and thin 
solid curves indicate calculated spectra. 



This clearly implies the presence of Fe'^^ {Td)-F&'^ {Oh) 
antiferromagnetic coupling. Therefore, it is possible that 
this sample exhibits "weak ferrimagnetism" due to the 
Fe'^^ ions occupying two sets of nonequivalent positions 
{Td and Oh sites) in unequal numbers and in antiparal- 
lel configurations so that there is a net moment"^^. That 
is, the ferromagnetism is caused by the difference in the 
electron numbers between up and down spins at Td {Oh) 
and Oh {Td) sites. Indeed, the room temperature ferro- 
magnetism of the ferrite 7-Fe203 due to such Fe'^+-Fe'^+ 
antiferromagnetic coupling has been reported^. In addi- 
tion to this, Fe^'*"-Fe^+, Fe'^"''-Fe'^"'" exchange interactions 
and Fe'^+-Fe^"'" double exchange interaction are consid- 
ered to exist. 

From the experimental and cluster-model calculation 
results, we have estimated the relative abundance of the 
nonmagnetic / antiferromagnetic (NM / AFM) , ferromag- 
netic (FM) and paramagnetic (PM) components of the 
Fe ions [Fe^+ {Oh), Fe^+ {Td) and Fe^+ {Td)] as shown in 
Fig. [HI The NM/AFM components are originated from 
the strongly antiferromagnetic coupled Fe ions and are 
dominant in this sample. On the other hand, the weak 
ferromagnetic and paramagnetic components are origi- 
nated mainly from Fe'^"'" as well as from a small amount of 
Fe^"*" ions and uncoupled Fe'^"'" ions, respectively. In addi- 
tion, our analysis confirms the predominance of the Fe'^'*' 
{Oh and Td) ions in this sample. Considering that the 
Fe'^"'' ions are dominant in the surface region of the nano- 
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FIG. 8: (Color online) Relative abundance of the nonmag- 
netic/antiferromagnetic (NM/AFM), ferromagnetic (FM) 
and paramagnetic (PM) components of the Fe ions [Fe'^"*' 
{Oh), Fe^+ (Ta) and Fe^+ (Ta)] in the Zno.9Feo.1O nano- 
particles. 



particles probed by surface-sensitive Fe 3p-3d RPES, the 
presence of the Fe^+ must be a surface effects. If Zn va- 
cancies, which dope the system with holes, are present 
near Fe^+ (T^) ions substituting Zn sites, the Fe^"*" (T^) 
ions will be converted to Fe'^^ (r^)^^. This will occur 
mostly in the surface region of the nano-particles, where 
the probability of the presence of vacancies is higher. The 
Fe ions should be at the sites if Fe simply substitutes 
for Zn site in the Fe-doped ZnO system. One possible 
origin for the presence of the Fe (Oh) ions is due to the 
interstitial impurities. However, Karmakar et al. have 
performed EPR, x-ray diffraction (XRD) and Mossbauer 
measurements on the same samples and the presence of 
interstitial impurities has been excludedi^. The other 
possible origin for the presence of the Fe {Oh) ions is 
due to excess oxygen at the surface of the nano-particles. 
According to the literature about the molecular dynam- 
ics simulations of Fe203 nano-particles^S, to achieve local 
charge neutrality, it is expected that oxygen atoms have a 
tendency to concentrate on the surface of the Zno.9Feo.1O 
nano-particles. Due to the excess oxygen, the Fe ions in 
the surface region of the Zno.9Feo.1O nano-particles are 
coordinated to a larger number of oxygen atoms as if they 
were at the Oh sites. Indeed, Chen et al^ have reported 



that Fe (T^) ions in the surface region of Fe3 04 nano- 
particles have a tendency to be converted to Fe {Oh)- In 
the nano-particle systems, the surface modification may 
dramatically affect the electronic structure and magnetic 
properties. 



IV. CONCLUSION 

In summary, we have performed XPS, RPES, XAS and 
XMCD measurements on Zno.9Feo.1O nano-particles, 
which exhibit ferromagnetism at room temperature. 
From the experimental and cluster-model calculation re- 
sults, we find that Fe atoms are predominantly in the 
Fe'^+ ionic state with mixture of a small amount of Fc^+ 
and that Fe'^+ ions are dominant in the surface region of 
the nano-particles. It is shown that the room temper- 
ature ferromagnetism in the Zno.9Feo.1O nano-particles 
is primarily originated from the antiferromagnetic cou- 
pling between unequal amounts of Fe'^+ ions occupying 
two sets of nonequivalent positions in the region of the 
XMCD probing depth of - 2-3 nm. 
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